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20 . LPS Z1 Al LPS+AMPK #7577 (AICAR) 20, B4 10 H. LPS+AICAR £H T A Fif i s i3 4 AICAR 500 mg/kg
T 30 min ; X HRZHFN LPS A0 s T S 45 AR R K . RGNS PN 7 S LPS 10 me/kg (1977 1557 SA-AKI A5
H 5 X HE L B A A A5 A BER K o R PTTBEHIB B3 182 R CELISA) A Ui 35 2 AE B 4 A 3R (TL-18
1L-6). MR SRFEIR F (TNF- o) ) 7K 5 38 5 A ARAS il 375 ' T e a4 C IULEE (SCr). IiL/RZE A (BUN) ) KB4
BURBET SR F (Fe . 9 % (MDA, 28 H Bk (GSH) ) A ; JikZ - 41 (HE) Je (a5, s F g4
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FNAE 5 B 28 BN i 56 (Western blotting ) K6 Ul B 2HZH AMPK BRI T G ( L WEAE A 5 WU K BE A5 4
(ACSLA) . ¥ ARG 7 BLA 11(SLCTALL), A e H K L Wi 4(GPX4) 1R A% A F 2 AHSEHE T 2(Nef2)/ 1t
N4 1 (HO-1) A mRNA fIE A RA, &R SR Ee, LPS 4l/hRUE/NE Sk, L&
AR A AR PEFIIRSE (R BRI ik, 043 b B AR BB | S RE AR 5 B ZH AR IR R IR SRR AE T4
fiE 5 M3 -1 . IL-6, TNF- o, SCr fll BUN ZK P35 7h 5, B 4141 Fe™ . MDA /K V- % ACSL4 () mRNA FlIE 15
IR TL g, B2 GSH /K- . AMPK (1945 F1 #6348 & SLC7ALL, GPX4, Nrf2 , HO-1 f) mRNA FIZE 14 ik B FRAK
(¥ P<0.05). 5 LPS Z1HbA:, LPS+AICAR 2/ FUE /NG 504 B 23 0 728 P BH Wb G2 i, TR Bt i i B 4 o v i
FEY R S 5 B AR R AE T R AR A B S R 5 MY TL-1B L 11-6, TNF- o SCr Al BUN 7K F- 3B AIK
[ IL-1B (ng/L):68.93+9.37 H. 91.25+ 10.55,11.-6(ng/L):80.03 +7.86 F£.93.10 + 6.16, TNF- o (ng/L):484.77 +51.00
It 558.59 +48.54, SCr (umol/L) : 31.75+5.08 F 57.63+6.37, BUN (mmol/L)) : 23.93+4.44 11, 36.35+5.47, % P<
0.05 ), B4 Fe™ . MDA /K[ Fe™ (umol/g):4.02 +0.74 . 6.84 &+ 1.41, MDA (umol/g): 1.44 +0.62 . 2.62+0.62,
¥ P<0.05 ) B2 ACSLA ) mRNA I8 £ A FEAK (ACSLA mRNA : 1.9840.50 Lt 3.67+0.80, ACSL4/GAPDH :
0.49+0.08 11, 0.94+0.12,34 P<0.05), B ZHZ GSH 7K (umol/kg: 4.35 +0.50 [t 3.49+0.94) St AMPK . SLC7A11 .
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OB : 1.19+0.14 £ 0.50+0.15, SLCTAIT/GAPDH : 0.55 +0.07 [ 0.34 +0.10, GPX4/GAPDH : 0.56 +0.11 It
0.18 +0.08, Nrf2/GAPDH :0.89 +0.20 [, 0.36.+0.08, HO-1/GAPDH : 0.75 + 0.07 It 0.54+0.06;1 P<0.05 ). £5it
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[Abstract] Objective To investigate the regulatory role of AMP-activated protein kinase (AMPK) activation in
ferroptosis during lipopolysaccharide (LPS)-induced sepsis-associated acute kidney injury (SA-AKI) and its molecular
mechanisms. Methods Thirty SPF male C57BL/6 mice were randomly assigned to the control group, LPS group,
and LPS+AMPK activator (AICAR) group using a random number table method, with 10 mice per group. Mice in the
LPS+AICAR group received an intraperitoneal injection of AICAR at a dose of 500 mg/kg for intervention 30 minutes
prior to model establishment, while those in the control group and LPS group were intraperitoneally injected with an
equal volume of normal saline. The SA-AKI model was induced via intraperitoneal injection of LPS at 10 mg/kg, and



« 228 -

rhA s FG A fBE A 2026 4F 3 45 38 4555 3 ] Chin Crit Care Med, March 2026, Vol.38, No.3

the control group was intraperitoneally administered an equal volume of normal saline. Enzyme-linked immunosorbent
assay (ELISA) was performed to measure the serum concentrations of inflammatory factors [including interleukins (IL-13,
[L-6), and tumor necrosis factor- & (TNF- ). Serum renal function indicators [including serum creatinine (SCr) and
blood urea nitrogen (BUN)], as well as the levels of key ferroptosis-related factors [including Fe™, malondialdehyde (MDA),
and glutathione (GSH)] in renal tissues were measured using biochemical assays. Hematoxylin-eosin (HE) staining was
conducted to observe histopathological changes in renal tissues under a light microscope, and transmission electron
microscopy was used to examine the ultrastructural alterations of mitochondria in renal tissues. Quantitative real-time
polymerase chain reaction (RT-qPCR) and Western blotting were employed to determine the mRNA and protein
expression levels of AMPK, key ferroptosis-related enzymes [long-chain acyl-CoA synthetase 4 (ACSLA4), solute carrier
family 7 member 11 (SLC7A11), and glutathione peroxidase 4 (GPX4)], as well as the nuclear factor E2-related factor 2
(Nrf2)/heme oxygenase-1 (HO-1) signaling pathway-related molecules in renal tissues. Results Compared with the
control group, mice in the LPS group exhibited renal tubular structural disorder, with vacuolar degeneration, necrosis, and
shedding of epithelial cells, interstitial edema, and inflammatory cell infiltration. Mitochondria in renal tissues showed
typical ferroptosis characteristics. Moreover, the levels of serum IL-18, 1L-6, TNF- a, SCr, and BUN were significantly
elevated. In renal tissues, the levels of Fe’* and MDA, along with the mRNA and protein expression of ACSL4, were
increased, whereas the GSH level, protein expression of AMPK, and mRNA and protein expression of SLC7A11, GPX4,
Nrf2, and HO-1 were markedly decreased (all P<0.05). In contrast to the LPS group, mice in the LPS+AICAR group
displayed significant alleviation of renal tubular structural damage and vacuolar degeneration, as well as reduced
interstitial edema and inflammatory infiltration. The ferroptosis-related ultrastructural changes in renal mitochondria
were also notably ameliorated. The serum concentrations of 1L-18; 1L-6, TNF- ., SCr, and BUN were significantly lower
in the LPS+AICAR group than in the LPS group [IL-1B (ng/L): 68.93 +£9.37 vs. 91.25 +10.55, IL-6 (ng/L): 80.03 +7.86
vs. 93.10£6.16, TNF- o (ng/L): 484.77 £51.00 vs. 558.59 +48.54, SCr (umol/L): 31.75+5.08 vs. 57.63 £6.37, BUN
(mmol/L): 23.93+4.44 vs. 36.35+5.47, all P<0.05]. Additionally, the levels of Fe*" and MDA in renal tissues were
significantly reduced in the LPS+AICAR group compared with the LPS group [Fe™" (umol/g): 4.02 +0.74 vs. 6.84 +-1.41,
MDA (umol/g): 1.44+0.62 vs. 2.62 +0.62, both P<0.05], accompanied by downregulated mRNA and protein expression
of ACSL4 (ACSL4 mRNA: 1.98+0.50 vs. 3.67 £0.80, ACSL4/GAPDH: 0.49+0.08 vs. 0.94+0.12, both P<0.05).
Furthermore, the renal GSH level was higher in the LPS+AICAR group than in the LPS group (umol/kg: 4.35 £0.50 vs.
3.49 +£0.94), along with significantly upregulated mRNA and protein expression of AMPK, SLC7A11, GPX4, Nrf2, and
HO-1 [mRNA expression: AMPK mRNA (27%*%): 2.68 £0.27 vs. 1.22+0.24, SLC7A11 mRNA (27°*“): 0.04+0.01
vs. 0.01£0.00, GPX4 mRNA (27**%): 5.15+ 1.21 vs. 3.40+0.45, Nrf2 mRNA (27**“): 0.574+0.29 vs. 0.22+0.23,
HO-1 mRNA (27*%): 0.12£0.03 vs. 0.02 + 0.01; protein expression: p-AMPK/AMPK ratio: 1.19 +0.14 vs. 0.50 +0.15,
SLC7A11/GAPDH: 0.55+0.07 vs. 0.34 +0.10, GPX4/GAPDH: 0.56 +0.11 vs. 0.18 =0.08, Nrf2/GAPDH: 0.89 +0.20
vs. 0.36 20.08, HO-1/GAPDH: 0.75£0.07 vs: 0.54£0.06, all P<0.05]. Conclusion ~AMPK may exert protective
effects against LPS-induced SA-AKI in mice by inhibiting ferroptosis through the Nrf2/HO-1 signaling pathway.
[Key words] AMP-activated protein kinase; Sepsis; Acute kidney injury; Ferroptosis; Lipopolysaccharide
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WLEF (serum creatinine, SCr). Il iR Z % (blood urea
nitrogen , BUN) Kl 70 €00 H pa st dER A/ 5 T8 —
% (malondialdehyde, MDA ) {57 & . BV 1 B
I H BK (glutathione , GSH) K751 & 014 B 287
FEAE KRB AT 5 IR SRFE IR T - o (tumor necrosis
factor- o, TNF- o ), FAZHIEA 2 (interleukins, IL-1B |
11-6) il ¢ 093 W2 B 18 56 (enzyme-linked immunoad
sordent assay, ELISA) i3 &0 A b 5t @ A5k 2
Al PUIAR S5 143 e H R A AL Y il 4 (glutathione
peroxidase 4, GPX4), SRR 7 i 11 (solute
carrier family 7 member 11, SLC7A11), Z, Ik % filf A
A AR R 4(long-chain acyl-CoA synthetase 4,
ACSIA), AMPK ., #§#21k. AMPK (phosphorylated AMPK,
p-AMPK ), #ZZ - E2 #H5C - 2(nuclear factor-E2-related
factor 2, Nrf2). il £ Z f %A [ 1 (heme oxygenase=1,
HO-1) g 7 RIZELE /KB v

1.3 SEHe 420 M ab 3 /N BRI N ) SR R 1 )R
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LN LPS £H I Y S A5 A R K . i), LPS 4
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% 24 h AN SA-AKI AR Sl A AR Py i
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(hematoxylin-eosin, HE) 44, 75045 T4 B 4H 21
P2

L5 ELISA JEIE LIERAE K T - SRAARBKAHHGE
BN , ELISA 5 I5E /N Bl 3954 2 4 4 7
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B JIE b S IBUEL RNA, FI 52 40735606 B {300 /& RNA
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F1 GPX4 Jz Nef-2 . HO-1 Y mRNA 7K, Ff:fdi fj 27
AT AT
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Wb J 415038 . I BCA Sk E R E A WRE, &
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PVDE) I, & F )5 A& THiik 4 CgE i &
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HO-1 HUIARH B LB 1 2 1000, 3- BEER H
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GAPDH) % B Fo 4] 1: 3000 ), i 145 k3 20 #Y
Tris 2% 7% ( Tris-buffered saline with Tween 20, TBST)
VEREE, A R 1 8 AL P (horseradish peroxidase,
HRP)- 12405 =40 (1 : 3000), EIRBFE 2 h, &5
FHE SO S5 A T rTAAL B 52 35 Image J 11
G WA U8R P K R I K BE AL, L GAPDH 1By
W2, LRI S A S 5 GAPDH 4571 K B U
Ve H I EE A A Rk

110 it - SRAH SPSS 27.0.1 5442045 s
7M1, GraphPad Prism 9.5 X {F 1 T4 1K a7k
IERA, DI+ FaifE2E (R+s) Fom R
K R I7 22500, J7 22 3¢ I 41 1] e 8% F LSD #6556,
J7 22N ST A ] LR Dunnett's T3 K56, K56
JKUE o {EIBCAU 0.05,

2 % B

2.1 4/ RUE 440 AMPK B R GA HE B (1
B 584 g, LPS 4/ BB 4140 AMPK
mRNA FiK TG 8 22 5 (P>0.05), p-AMPK/AMPK
FIKFEAMR(P<0.05). F#IE AMPK )5, 5 LPS 41 It
B, LPS+AICAR 4 /) BUE 2041 AMPK mRNA 33k
HI p-AMPK/AMPK #iA Tt (34 P<0.05).

2.2 FAH/NEUR A SUR RO (K] 2) 8B T
TR, 54 R4 A, LPS ZH /) BUE /N 4k Ok
1 B A0 M B 2 AR M IR SE, ) B b ik,
gy bR ARG TS, RAE A MR 5 5 LPS 4 gk,
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LPS+AICAR ZH /)N 5B /NG 2548 K 25 0 A8 B\ 5%
ik, [00] B o I R 8 i V5 Y o 24T B S ek 2% , 2 /s T
AMPK A Y882/ N R B A SO B A3

1 FBHNREHZL AMPK £ mRNA

MERRIELLE (27 X +5)

4151 dgf/lt[%éﬁz AMPK mRNA P'AMEI%\MPK
pogikitl 10 1.49+0.50 0.85+0.06

LPS 41 10 1.22+0.24 0.50+0.15*
LPS+AICAR 41 10 2.68+027° 1.19+0.14"

1 LPS A ZHE, AICAR M MR R Ak 2 (A # (AMPK)
I, p-AMPK NWER 1L AMPK ; 5%} FB 26 L4, *P<0.05; 5 LPS
Az, PP<0.05

LPS+  #HX}5

fobn MM LPSHL p1caRm TRE

p-AMPK 62000

AMPK 62000

GAPDH

U LPS Jafls 20, AICAR ol 1172 1 1L 25 A (AMPK)
AL p-AMPK B (bl 47 2 1% 1L 25 £ 3k, GAPDH
oy 3-H RS S
1 AR ENT S (Western blotting ) 463l
B/ 2 AMPK 1B 13634

2.3 A4/ BUMLTE RAE R 7 U3 (58 2) . 5 X8
21 b, LPS 2H /N BRI v 2 R A F 1L-1B8 L 1L-6,
TNF- o K375 (¥ P<0.05) 5 5 LPS 4 %5,
LPS+AICAR 2H /) B 1L 8 12 % R TL-18, 116 ,
TNF- a 7K IR (34 P<0.05), $27R 105 AMPK
AT REAR /N BRI IE R 7K

XA

36000

B2 JufE PSS AU NS A YR X B A SR )

x2 HBENRMBERERFKELE (ng/L,x £5)

205 dg*g? IL-1B IL-6 TNF- o
/N
XFIRZH 10 52.82+622  62.19+520 355.59+31.63

LPS 4 10 91.25+10.55% 93.10+6.16 558.59+48.54°
LPS+AICAR 4l 10 68.93+937" 80.03+7.86" 484.77+51.00"

1 LPS MR ZHE, AICAR AR RIS fL 3 1 I (AMPK) 3%
EAL L HEAHAZ  TNF- o S RRBE T - o s 505 BAL Hog
P<0.05; 5 LPS 4 LA, PP<0.05
2.4 A/ FIIREFE AR LLEE (32 3) - XA
ZH b A, LPS 41 /NERUMLYR SCr 1 BUN 7K 349 F 3 (3
P<0.05); 5 LPS 2 kb %%, LPS+AICAR £H /) L 1L
i SCr Ml BUN /K- FAIL (3 P<<0.05), 230G
AMPK AT RGN U DO REFR K-

®3 J[EANRMFBSHREIERK TR (x +5)

BIL7Ee SCr BUN

ZH 5

ALl (R) (pmol/L) (mmol/L)

X RRZ 10 19.55+3.64 10.76 +2.85
LPS 41 10 57.63+6.37% 36.35+547 "

LPS+AICAR 41 10 31.75+5.08" 23.93+4.44"°

1 : LPS A2 WE, AICAR SRR AR TE fL 2K 1 (AMPK) 3
i3, SCr A ML, BUN IR Z A 5 50 4L 4, *P<0.05;
5 LPS 4114, PP<0.05

25 HADREHALZRET CEN T RIL LK
(F4) . SRR ILES, LPS 4/NEUE 4H4 Fe 2
., MDA 7K J1 5, GSH 7K - F&AIG (£ P<0.05) ;
5 LPS 2 AT, LPS+AICAR 2H /)N BB 404 ket FHI
MDA 7K R, GSH 7K F- TR (3 P<0.05). &R
P AMPK AR RS T B I T 1 2Rk .

LPSZ LPS+AICAR4]

R

FZME (LPS) 21 b B B2 AR PEFNIRAE, [] B

Wl , 38 B AN % , S AE MR s LPS+ i 1R IS P02 1R CAMPIOBEN ] (AICAR )4 B ZH AU A U HE LPS 4% 5

KRZ - (HE) e ta
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*F4 BANRISHELE Fe** . MDA #1 GSH K FELE (x +5)

3] EIEES Fe’ MDA GSH

. =) (pmol/g) (umol/g) (umol/kg)
XTIRZH 10 240+0.84 1.00+0.32 6.19+0.81
LPS 41 10 6.84+141% 262+0.62% 349+0.942
LPS+AICAR 4l 10 4.02+0.74"  144+062" 435+050"

1 LPS MR ZHE, AICAR IR e 16 AL 85 11 3 (AMPK) ¥4
7, MDA SHTH 8, GSH AL ; SX IR AR, *P<0.05;
5 LPS 41z, PP<0.05

2.6 FA/NREHLLRRIEENRAE (K 3) . S5XF
WEZH HU#, LPS ZH /)N BB 2H SR ok A 6 B 1 g 0 2k
FETRRAE , RIZRE AR AR AR /)N | B B 14 Jin Ak
PRI /D 5 5 LPS 41 b4, LPS+AICAR ZH/N R 41
LU ARV B I 1 2 S5 R0 TR AIE 0722 B i
B PR TS AMPK AT /N BB 2 2R 2R B AAbi A7
2.7 F AU/ A SUER T OC B I ) 3R Ok LA
(2 5; &1 4): 5XFHRZ LA, LpS /R4 ZT ACSTA
) mRNA Fl & [ 3R 5 B F+ &, SLCTALL, GPX4 (1)
mRNA FIEE FIFR AR (1 P<0.05); 5 LPS 411
A, LPS+AICAR 4/ FUE 241 ACSLA ) mRNA Fil

*®5 BENMREARGKIET XEEE Nrf2. HO-1 K

mRNA FikLbE: (274, x +5)

4151 ngi,@?‘ ACSLA mRNA SLC7A11 mRNA
N

X HRAL 10 1.09£0.29 0.16+0.03

LPS 4 10 3.67+0.80"° 0.0140.00*

LPS+AICARZH 10 1.98+0.50P 0.04+0.01"

ikl ﬁg*é{f“ GPX4 mRNA  Nif2 mRNA  HO-1 mRNA
7N

XFIRZH 10 11.61+0.87 137+045  0.30+0.48

LPS 40 10 340+045% 022+023% 0.02+0.01%

LPS+AICAR 4]l 10 515+121" 057+029" 0.12+0.03"
¥ : LPS SRR ZHE, AICAR MM B2 16 A B (1 s (AMPK) 4
7], ACSL4 b KAEESLAHES A 5 4, SLCTALL iR ik %
JBE T LB 11, GPX4 A H ki Sk 4, Nef2 D% B2 4
KT 2, HO-1 R ILLLZE ARG 15 5% B2 1AL, P<0.05; 5
LPS 41145, PP<0.05

Xt RREH

3 EGRETE WESUA/ RIS

E AR BIFEAL, SLCTALL . GPX4 ) mRNA FliE
Fk T (¥ P<0.05), #E/R3E AMPK AT 1]
R ARS S i Sua

febe A4l Lps#  Lps+AIcARg S
+
ACSL4 b 75000

SLC7A1l

55000

I ACSL4/GAPDH
B SLC7A11/GAPDH

N GPX4/GAPDH

120 0.94+
0.12°
1.0F 0.55+
0‘78i0.70i 0 07b
0.03 .
0.8 F 0.07 0.56+
ﬁ 0.49+ 0.11°
0.6
G
0.4
0.2
0
of R4, LPS#4l  LPS+AICAR#]
2 51

1 : LPS MARZHE  AICAR A R HTR76 fL 2R (% (AMPK) #8377,

ACSIA MK BEBEIEG A A A B 4, SLACTATL ¥ Rk IR 5% 7

BB 11, GPXA A e H AL S (k4 4, GAPDH S8 3- B H i
T S XL AR, *P<0.05 ; 5 LPS 4R KA, PP<0.05

4 R BURPELN IR (Western blotting ) F:il
E S N e AR S i R ESTN

2.8 A2/ EUE H 4 Nef2/HO-1 38 #1235 HL 3
(£ 5;18 5): SxF AL ERES , 1LPS ZH/NRUBF4H 4T Nef2
HO-L{# mRNA FIEE AR IR (X P<0.05); 5 LPS
ZH b3 LPS+AICAR 4/ 412 Nif2 . HO-1 [ mRNA
I R TR (3 P<0.05), #2785 305% AMPK
AL Nef2/HO-1 38 B AN R0 T A AR EH

LPSZ LPS+AICAR4.

NERAATE AL X HRZH P AN EOREA LS A 52 8, ZORLURIRE T I 5 IR 20 (LPS) /N RUF
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